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ABSTRACT 
In recent years, there have been significant concerns about environmental issues, 
sustainability of infrastructure, and depletion of nonrenewable resources for pavement 
construction. These concerns have led to substituting petroleum-based paving materials with 
their biobased counterparts. Research efforts have attempted to produce asphalt from 
renewable bio-resources. As a special modifier for asphalt, petroleum-based epoxy resin has 
been used in a few asphalt paving projects that require superior performance of asphalt 
mixtures. This study attempts to develop a biobased epoxy modifier for asphalt, which may 
improve asphalt performance at lower economic and environmental costs. Based on the 
findings from research in the chemistry industry, an epoxidized soybean oil (ESO) and a 
biobased curing agent, maleic anhydride (MA), were selected to develop the epoxy modifier for 
asphalt. The proper proportions of ESO, MA, and a base asphalt (PG 67-22) were determined 
to achieve a homogenous biobased epoxy asphalt binder (BEAB) with the desired properties 
evaluated by a rotational viscosity test, a penetration test, and a dynamic shear rheometer test. 
Pavement performance related properties of asphalt mixtures using such a BEAB were also 
evaluated using a Marshall stability test. It was found that the optimum ratio of MA:ESO:Asphalt 
in the BEAB is 0.45:1:8, and the asphalt mixture containing such a binder has a higher Marshall 
stability and higher rutting and fatigue cracking resistance indicators than the mixture using a 
neat asphalt (PG 67-22). In addition, the BEAB with the optimum formula has a curing time (i.e., 
the time when the binder viscosity increases to 1 Pa·s) of at least 50 minutes, which is sufficient 
for construction of typical epoxy asphalt pavements. 
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CHAPTER 1:  INTRODUCTION AND LITERATURE REVIEW 
 
1.1 Introduction  
Over 90 percent of highways in the U.S. and many other countries are paved with 
asphalt mixture, a composite material mainly consisting of asphalt binder and aggregates. As a 
thermoplastic material, asphalt has poor mechanical properties for roadway use as it becomes 
brittle at low service temperatures and soft at high service temperatures (Read et al. 2003). To 
improve the performance of asphalt mixture in roadway pavements, modifiers are commonly 
used in asphalt to change the effects of temperature and loading on physical properties of 
asphalt. An ideal modifier should keep the viscosity (stiffness) of an asphalt binder to a 
moderate value in the service temperature range of a pavement, and to a low value in the 
mixing and paving temperature range of the asphalt mixture. 
  Physical blending and chemical modifications are two common approaches for asphalt 
modification. Physical modifiers include fibers, nanomaterials, cement, and a variety of polymers 
such as plastic (e.g., polyethylene [PE], polypropylene [PP], ethyl-vinyl-acetate [EVA], and 
polyvinyl chloride [EVC]) and rubber (e.g., natural rubber, styrene-butadiene rubber [SBR], 
styrene-butadiene-styrene [SBS], recycled tire rubber crumb) (McNally 2011;  Yildirim 2007). 
Chemical modifiers include sulfur, polyphosphoric acid, maleic anhydride and dicarboxylic acids, 
thiourea, and other materials (Polacco et al. 2006; Zhu et al. 2014). These modification methods 
have improved the paving performance of asphalt to various degrees, and some of them have 
been widely adopted in current asphalt paving projects. Their modification effects, however, 
have limits because of their thermoplastic nature, and may not be able to meet the increasing 
traffic demands of heavier loads and higher volume. 
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1.2 Epoxy Asphalt Binder 
In the late 1950s, the concept of “epoxy asphalt” was proposed and applied in a limited 
number of paving projects, primarily in dense-graded asphalt mixtures for airport runways and 
steel bridge decks that require a pavement with superior performance at high temperatures (Lu 
et al. 2015). Epoxy asphalt is an asphalt binder using epoxy resin and a curing agent as its 
modifiers. Different from other commonly used polymer modified asphalt binders whose physical 
properties change significantly with temperature, epoxy asphalt is thermosetting. The epoxy 
resin and curing agent initiate an irreversible chemical reaction that increases the stiffness and 
strength of asphalt binder. After curing, epoxy resin forms a three-dimensional continuous 
phase in which asphalt is dispersed (Lu 2000). Epoxy asphalt does not soften as much as 
conventional asphalt as temperature increases, and has good resistance to aging and chemical 
attack (Lu. 2000; Gaul et al. 1993). The fatigue life of epoxy asphalt concrete can be three 
orders of magnitude greater than a Superpave polymer modified asphalt concrete, as illustrated 
in Figure 1.  
 
                                Figure 1. Fatigue properties of dense-graded (Lu et al. 2015). 
 
The initially developed epoxy asphalt is a proprietary product, which has limited scope of 
applications and has been barely used in roadway pavements, mainly due to its proprietary 
nature, high cost, and lack of self-healing capability as conventional asphalt binders once 
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cracking occurs in epoxy asphalt concrete (Chen 2006; Chen et al. 2012).  As one of the main 
drawbacks of epoxy resin, brittleness also exhibits in the behavior of epoxy asphalt mixtures. 
Over the last twenty years, there has been some research effort to develop various 
epoxy asphalt binders. In mid 1990s researchers in Tongji University experimented with both a 
hot mix and a cold mix epoxy asphalt binders. The cold mix epoxy asphalt was prepared with a 
bisphenol A epoxy resin E-44, which has an epoxy value of 0.44 mol / 100 g, an extender with a 
solubility parameter of 18 (KJ/m3) 0.5, a room-temperature hardener, and asphalt (Lu et al. 
1996).  The hot mix epoxy asphalt was prepared with a bisphenol A epoxy resin E-44, a 
modified aromatic amine as the hardener, a low-viscosity, black, oily extender, and asphalt (Lu 
1995). 
A couple of years later, researchers from Changsha Transportation College tested the 
properties of epoxy asphalt consisting of asphalt, a bisphenol A epoxy resin E-44, and a 
modified aliphatic amine hardener (Yan et al. 1999). In 2003 through 2006, Chen et al. from 
Southeast University proposed an epoxy asphalt formula that allows epoxy asphalt to have at 
least one hour “pot life”, the time period during which epoxy asphalt has a viscosity low enough 
for mixing, transportation, and paving (Chen et al. 2006). In this formula, epoxy asphalt is 
produced from two components: a bisphenol A epoxy resin (part A) and maleated asphalt with 
curing agents (part B). For part B, neat asphalt is first modified with maleic anhydride (MA), then 
mixed with curing agents consisting of a fatty acid and an organic liquid anhydride. Some 
accelerant is also added to control the curing time.  
In 2009, Yu et al. tried to use solubilizer and SBS to improve the compatibility between 
epoxy resin and asphalt (Yu et al. 2009; Cong et al. 2011). A diglycidyl ether of the bisphenol A 
type epoxy resin with an epoxy value of 0.52 mol/100 g, a linear-like SBS containing 30 wt% 
styrene, methl-tetrahydro phallic anhydride as the curing agent, and a solubilizer containing 
hydrophobic and hydrophilic group were used in the study. It was found that SBS can improve 
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the compatibility of epoxy asphalt and alter its morphology, but has only small effect on its 
tensile strength (Qian et al. 2015).  
In 2010, Kang et al. revised Chen’s formula to improve low-temperature performance of 
epoxy asphalt. In his study, epoxy asphalt is produced from two parts. Part A consists of 30-
76% modified asphalt with a carboxyl group or an acid anhydride group, 2-20%  monohydric or 
polyhydric alcohol or benzene plasticizers, 11-25%  aliphatic dicarboxylic acid, dimer acid, or 
alkyd resin, 10-25% fatty acids anhydride, and 0.05-0.65% curing accelerator. Part B is epoxy 
asphalt (Kang et al. 2010). It is observed in most of the previous research on epoxy asphalt, the 
bisphenol A epoxy resins were used, which are synthesized from petroleum based bis(4-
hydroxyphenylene)-2,2-propane (called bisphenol A, BPA) and 1-chloroprene 2-oxide (called 
epichlorohydrin), in the presence of sodium hydroxide. Their main structure is bisphenol A 
diglycidyl ether (DGEBA), as shown in Figure 2. DGEBA is extensively used in many fields. 
 
 
 
Figure 2. Structure of bisphenol-A diglycidyl ether epoxy resin (R. et al. 2014). 
 
1.3 Biobased Epoxy Resin 
In recent years rapid progress has been made in biobased epoxy resin chemistry and 
technology. Particularly, epoxy resins and curing agents derived from plant oils, cardanol, 
itaconic acid, catechin, tannin and its derivatives, eugenol, sucrose and furan, have received 
much attention (Roudsari et al. 2014; R. et al. 2014; Tan et al. 2010; Wan et al. 2015) . Due to 
the low cost of abundant raw materials (e.g., woody biomass and lignin), the cost of biobased 
epoxy can be lower than that of petroleum based epoxy, which may provide opportunities of 
broader application of epoxy in asphalt pavements on roads. With developments of various 
formulations of epoxy using biobased epoxy resin and/or hardeners, the properties of epoxy 
may be improved to the needs of pavement application. For example, the toughness of epoxy 
5 
 
resin may be improved by the addition of epoxidized soybean oil (Saithai 2013). Currently there 
has been no research on the formulation and properties of asphalt modified with biobased 
epoxy. 
It is expected that asphalt modified with biobased epoxy resin will possess properties 
desirable in the pavement field, such as high strength and increased toughness, at lower cost. 
The durability of dense asphalt mixtures, in terms of raveling and cracking potentials, may be 
greatly improved with the use of biobased epoxy asphalt. Since biobased epoxy asphalt is a 
new binder material that has not been considered in the development of design methods of 
dense asphalt mixtures currently in use, there will be a need to revisit the design procedures 
and make any necessary revision.  
1.4 Motivation 
Conventional asphalt (i.e., unmodified asphalt occurring in nature or obtained in 
petroleum processing) is dominant in pavement construction because it is cheap, strongly 
adhesive, and easy to work with during construction and rehabilitation of asphalt pavements 
(Cong et al. 2010; Li et al. 2014; Xie et al. 2017). However, there are drawbacks in using the 
conventional asphalt in pavements such as its properties are highly sensitive to temperature 
changes (Yu et al. 2008; Qian et al. 2015). Since the conventional asphalt is a thermoplastic 
material that becomes very soft at high temperatures and very stiff at low temperatures, 
repetitive heavy traffic loads and rapid temperature fluctuations may cause early stage rutting, 
fatigue cracking, and thermal cracking in asphalt pavements, which are the main failure modes 
that limit the service life of asphalt pavements (Cong et al. 2010; Xie et al. 2017; Yu et al. 2008).   
To improve the performance of asphalt pavements, various modifiers have been 
developed and used in conventional asphalt to reduce its temperature susceptibility. Recently 
the most commonly used asphalt modifiers are polymers, such as styrene butadiene styrene 
(SBS), styrene butadiene rubber (SBR), ethylene vinyle acetate (EVA), and polyethylene (PE), 
that form continuous network with conventional asphalt to improve its resistance to fatigue and 
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thermal cracking, permanent deformation, and moisture damage, and to improve its mechanical 
properties such as tensile strength and elongation at breakage (Li et al. 2014; Yu et al. 2008; 
Abd El Rahman et al. 2012; Espana et al. 2012). These polymer-modified asphalt binders, 
however, remain thermoplastic because the common polymer modifiers are also thermoplastic 
materials (Cong et al. 2010; Yu et al. 2008).  
Although with good performance of epoxy asphalt, it has not been widely used in 
roadway pavements, mainly due to its high cost and proprietary nature. At low temperatures, 
epoxy asphalt has high tensile strength but also relatively low fracture elongation. In addition, 
epoxy resin and most of the common curing agents of epoxy resins such as aliphatic and 
aromatic amines and anhydrides are petroleum based, some of which are toxic.  
In recent years, significant concerns on environmental issues, sustainability of 
infrastructure, and depletion of nonrenewable resources for pavement construction, have led the 
scientific society to pay closer attention to the use of sustainable materials in pavement 
construction (Miyagawa et al. 2004; Miyagawa et al. 2005; Qin et al. 2014). Crumb rubber 
produced from waste tires has been used as a sustainable asphalt modifier to improve 
pavement resistance to rutting at high temperatures and fatigue cracking at low temperatures 
(Wang et al. 2011; Wang et al. 2012; Wang et al. 2013; Wang et al. 2016). Other research 
efforts have been attempted to produce asphalt from bio-resources such as micro algae, bio-
oils, swine manure, wood lignin, and waste cooking oil (Audo et al. 2012; Bhusal et al. 2012; 
Fini et al. 2011; Terrel 1980; Haddock et al. 2012). Moreover, the chemistry industry is also 
urged towards sustainable chemistry to use renewable resources to synthesize biobased 
chemicals and products. Recent chemistry research has seen a rapid progress in using 
biobased materials to synthesize epoxy resins, which are cheaper than the petroleum based 
ones (Adhvaryu et al. 2001; Wan et al. 2015; Auvergne et al. 2013; Espana et al. 2012; Chen et 
al. 2016). Research has shown that the addition of some functional vegetable oils such as 
epoxidized soybean oil (ESO) can improve the toughness of epoxy resin (Saithai 2013). 
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Biobased curing agents, such as biobased carboxylic acid from vegetable oils, lead-free amino 
acid, and sebacic acid manufactured from the heating of castor oil, have been tried for epoxy 
resin and showed promising properties (Jaillet et al. 2013; LI et al. 2006; Roudsari et al. 2014). 
These biobased curing agents have comparatively lower costs than some common amine 
hardeners. With this background, it becomes pertinent and necessary to explore the use of 
biobased epoxy resin and curing agents as modifiers for asphalt for economic/environmental 
cost reduction and performance improvement. Currently no research effort has been 
documented to investigate the use of biobased epoxy resin and curing agents in asphalt for 
pavement use. 
This study aims to investigate the formulation of biobased epoxy modifier for asphalt and 
the performance of asphalt binder and asphalt mixture containing such a modifier. One 
challenge in formulating epoxy modified asphalt is the compatibility between epoxy resin, which 
is polar, and conventional asphalt, which is nonpolar (Cong et al. 2010; Xie et al. 2017). A 
suitable curing agent that has miscibility components is therefore needed to improve the 
compatibility between epoxy resin and asphalt and to achieve homogenous crosslink between 
them (Li et al. 2014; Xie et al. 2017; Adhvaryu et al. 2001; Wan et al. 2015; Auvergne et al. 
2013).   
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CHAPTER 2:  PROPOSED RESEARCH 
 
2.1 Significance of the Proposed Research 
As one of the key transportation infrastructures, pavement plays a critical role in national 
economy, social life, and environment. Asphalt pavements account for over 90 percent of 
roadway pavements in the U.S. and many other countries. In the U.S., between 85 and 90 
percent of all runways at the nation's 3,330 Federal Aviation Administration (FAA) National Plan 
of Integrated Airport Systems (NPIAS) airports, and more than 90 percent of the nation’s 
parking area, are surfaced with asphalt pavement. About 30 million tons of asphalt binder is 
consumed annually in pavement in the U.S. (FHWA 2008). Asphalt and many polymer 
modifiers, including epoxy resin, are products of the refining of petroleum, a non-renewable 
resource. On one hand, the diminishing resources of petroleum and increasing demands of 
asphalt pavement materials due to growing traffic volumes have led to drastic price increases in 
asphalt and other petroleum based products. On the other hand, the U.S. transportation 
infrastructure has been deteriorating in overall performance for more than one decade, primarily 
due to under-investment in infrastructure.  
The American Society of Civil Engineers (ASCE) has only awarded a grade of D to the 
condition of U.S. roads in the 2013 report cards (ASCE 2016). It is estimated that the level of 
investment is insufficient and still projected to result in a decline in road conditions and 
performance in the long term. Recently, the Federal Highway Administration (FHWA) estimated 
that $170 billion in capital investment would be needed on an annual basis to significantly 
improve road conditions and performance (ASCE 2016). A large portion of this investment will 
be needed for pavement surface maintenance and rehabilitation, in which asphalt mixture is the 
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predominant material to be used.  Thus, the development and use of bio-renewable, 
environmentally friendly, cheaper, and more durable asphalt binders, and optimized asphalt 
surface mixture design could have significant positive impacts on the nation’s economy and 
sustainability. 
The initial development and applications of epoxy asphalt have exhibited its potentially 
superior performance in asphalt pavements (Gaul et al.1993). However, the high cost of 
petroleum based epoxy resin and curing agents, the brittleness of cured epoxy resin, and the 
proprietary nature of epoxy asphalt currently available on the market, have virtually prohibited 
the use of epoxy asphalt in roadway pavements. The development and use of biobased epoxy 
asphalt produced from raw materials of lower cost may help break these barriers and improve 
the performance asphalt mixtures in pavements, particularly those for dense asphalt surface 
mixtures. 
The National Science Foundation (NSF) has made significant commitments towards 
investigating bio-resources for asphalt pavement materials to reduce the extent of reliance on 
nonrenewable petroleum, and production of advanced paving materials (Audo et al. 2012; 
Bhusal et al. 2012; Fini et al. 2011; Haddock et al. 2012), with the ultimate goal of building 
superior and durable asphalt pavement infrastructure in the U.S. to ensure that the country 
maintains its competitiveness in the world. The proposed research in this proposal will 
contribute to such an ultimate goal. 
2.2 Goal and Objectives 
 It is expected that the use of biobased epoxy asphalt binder in dense-graded asphalt 
mixtures may improve the mixture resistance to damages caused by repetitive traffic loading 
and environmental variables.  
The goal of the proposed research is to investigate the behavior and properties of 
asphalt modified with biobased epoxy resin, and develop appropriate formulas for the materials. 
The specific objectives include: 
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(1) Identify appropriate biobased epoxy resin and understand their basic properties; 
(2) Develop formulas of the mix of asphalt, biobased epoxy resin, and other necessary 
components, and evaluate the rheological properties and mechanical performance of 
the modified asphalt binder; 
(3) Investigate the relationship between material variables for asphalt binder and asphalt 
mixture performance; 
(4) Evaluate the performance of asphalt mixture with biobased epoxy asphalt binder. 
2.3 Research Plan 
In order to achieve the proposed objectives, research will be conducted through the 
accomplishment of two tasks: 
 Task 1: Synthesis of asphalt binders with biobased epoxy  
 Task 2: Characterization of pavement-related performance of biobased epoxy 
asphalt binders  
2.3.1   Task 1: Synthesis of Asphalt Binders with Biobased Epoxy 
  This task will identify a few biobased epoxy resins and curing agents that have low cost 
and can improve the performance of asphalt binders, and determine the appropriate mixing 
composition and conditions of asphalt binder with biobased epoxy resin and curing agent. 
2.3.1.1    Task 1.1: Identification of Biobased Epoxy  
Epoxy resins are usually monomers, or low molar mass prepolymers containing at least 
two epoxide groups, which may react either with themselves or with a wide range of hardeners 
(or curing agents). Epoxy formulations often contain some additives and fillers to achieve 
desired processing and/or final properties or to reduce cost. With the global political and 
institutional trends in direction of sustainable development, the chemistry industry is moving 
towards biobased chemicals and products, including biobased epoxy. There has been some 
work on the synthesis of biobased building blocks of epoxy, including epoxy precursors and 
curing agents (R. et al. 2014).  
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  Biobased epoxy monomers have been obtained from tannins and their derivatives, 
polyphenols, cardanol, woody biomass, lignin, starch, sugar, vegetable oils, terpenes, 
terpenoids, resin acids, eugenol, and others (Saithai 2013; R. et al. 2014; Wan et al. 2015). 
Tannins are natural poly (phenol) compounds distributed in many species of plants. Condensed 
tannins comprise up to 50% of the dry weight of leaves of virtually all families of plants. Among 
the most studied tannin derivatives are catechin and gallic acid. Catechin is a ubiquitous 
constituent of vascular plants, such as cocoa, while gallic acid is found in most astringent 
vegetables, and especially in gallic nuts. Both catechin and gallic acid may be epoxidized 
(Boutevin et al. 2010; Tomita et al. 1983).  
Other natural polyphenols such as resveratrol, that may be produced from roots, grapes, 
eastern white pines, have been used to prepare epoxy monomers (Ribeiro 2009). As a 
byproduct of cashew, cashew nut shell liquid contains cardanol, which is a mixture of several m-
alkyphenols and can be used to produce epoxy monomers by double bond epoxidation (Devi et 
al. 2006; Unnikrishnan et al. 2008). Lignin is an abundant low-cost feedstock, which is a cross-
linked complex polymer and can be extracted from various chemical processes. A limited 
number of studies have dealt with the modification of lignin to be used as an epoxy monomer. 
Starch and sugar are abundant renewable resources. They have been used to produce both 
epoxy monomers and hardeners (Krivanek et al. 1998; Illy et al. 2014). Derived from plants, 
vegetable oils are widely used as renewable resources in the chemistry industry. They have 
been used to produce both epoxy monomers and hardeners. Epoxidized vegetable oils are 
currently available on the market (Metzger 2009).  
As can be seen, there are a variety of natural resources from which epoxy monomers, 
hardeners, and even additives may be produced. The mechanisms and procedures of synthesis 
of those biobased building blocks are out of the scope of this study. Instead, the objective of this 
task is to identify a few biobased building blocks for epoxy, which will be used in the subsequent 
steps to prepare biobased epoxy asphalt. The following principles will be used during the 
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identification process: (1) the renewable bio-resources for producing the building blocks should 
be widely available at low costs, (2) the synthesis process of the building blocks should be 
relatively simple, (3) the properties of epoxy resulted from these building blocks are desirable for 
asphalt pavement use, and (4) the biobased building blocks that are readily available from the 
market or from other laboratories or institutions are preferred. 
2.3.1.2    Task 1.2: Formulations of Biobased Epoxy Asphalt  
The formulation of biobased epoxy asphalt includes the formulation of epoxy and the 
formulation of epoxy with asphalt. An epoxy formulation includes the main components: 
monomers, oligomers, and hardeners. The epoxy formulations available in the literature 
corresponding to the biobased building blocks identified in the previous task will be evaluated, 
modified if necessary, and used in the subsequent formulation of epoxy asphalt. Formulation is 
a complex compromise between performance, process, and cost aspects. For the asphalt 
application purpose, the pot life of the reactive system at the asphalt mixture mixing and 
compaction temperatures is very important as it defines the allowable time period for asphalt 
pavement construction, including mixing, mixture transportation, laydown, and compaction. It is 
desired to have some epoxy monomer/hardener combinations that will not cure quickly in the 
asphalt mixing temperature range of 130ºC-180ºC, but can continue curing at temperatures as 
low as ambient ones. In the literature, there have been some epoxy formulations with 
hardeners, such as those based on epoxidized vegetable oils or sugar (Stemmelen et al. 2011; 
Shibata et al. 2010). The physical properties of epoxy derived from these formulas will be 
evaluated based on data reported in the literature, and those formulas that favor their 
application in asphalt pavement will be selected. 
 The next step of this task is to develop the formulations of epoxy asphalt. Typically, a 
two-part formulation is desired, such that before curing, epoxy asphalt can be stored in two 
parts. While during construction, the two parts are combined to initiate the curing process. For 
such a two-part system, either epoxy resin or hardener may be combined with asphalt. Other 
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ingredients may also be needed to help improve a uniform and stable mixing of asphalt and 
epoxy resin (or hardener) and to control the curing time of epoxy. In this study, both epoxy resin 
and hardener will be tried to mix with asphalt. To achieve a uniform and stable mixture of 
asphalt and epoxy resin (or hardener), the following variables will be evaluated: (1) percentage 
of asphalt in the mixture, (2) mixing temperature, (3) mixing speed, and (4) mixing duration. The 
stability of the mixture will be evaluated by measuring its viscosity over various periods of time 
at an elevated temperature such as 135ºC. A Brookfield rotational viscometer will be used for 
this purpose. Once a satisfactory mixture of asphalt and epoxy resin (or hardener) is obtained, 
the two parts of epoxy asphalt will be combined to study its curing characteristics. The curing 
process of epoxy asphalt is vital to its easiness of application in pavement. Previous studies 
have shown that once curing initiates, the viscosity of epoxy asphalt increases following an 
exponential growth pattern, as illustrated in Figure 3 (Yu et al. 2009). In this study, the curing 
process of epoxy asphalt will be evaluated and analyzed using the Brookfield rotational viscosity 
test. The rotational viscometer (RV) will be used to measure the increasing trends of viscosity of 
epoxy asphalt at different curing temperatures. Consistent with the literature (Chen et al. 2006), 
a minimum of 50 minutes is desired for the pot life of the epoxy asphalt formula. In addition, for 
sufficient mixing and compaction of asphalt mixtures containing epoxy asphalt, it is preferred 
that the viscosity of epoxy asphalt falling within the ranges of 0.15-0.19 Pa·s and 0.25-0.31 Pa·s 
at mixing and compaction temperatures, respectively (West et al. 2010). The formulations of 
epoxy asphalt will be evaluated and, if necessary, adjusted by adding other ingredients to meet 
the above pot life and viscosity requirements.  
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Figure 3. Viscosity increase trend of epoxy asphalt during curing (Yu et al. 2009). 
 
2.3.2 Task 2: Characterization of Pavement-related Performance of Biobased Epoxy 
Asphalt Binders 
This task will evaluate and characterize the properties of the biobased epoxy asphalt 
formulas developed in the previous task. Specifically, those properties that are related to the 
performance of epoxy asphalt pavements will be evaluated, directly by tests on asphalt binder 
itself and indirectly by tests on asphalt binder-aggregate mixtures. 
2.3.2.1    Task 2.1: Experimental Characterization of Biobased Epoxy Asphalt  
Epoxy is a thermosetting material that transforms from a liquid state to an irreversible 
solid state during the curing step, while asphalt is a thermoplastic material whose rheological 
properties change with temperature. As a mixture of epoxy and asphalt, the rheological 
properties of epoxy asphalt lie between those of epoxy and those of asphalt (Lu et al. 2015). To 
characterize the rheological properties of epoxy asphalt, a number of asphalt binder tests will be 
utilized, including those for conventional asphalt binders and those specific for epoxy asphalt. 
For the constructability of biobased epoxy asphalt, its viscosity will be measured using a 
rotational viscometer (RV) over a temperature range that is broader than the one used in Task 
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1.2. To evaluate its high and intermediate temperature performance, a dynamic shear 
rheometer (DSR) will be used to measure the complex shear modulus and phase angle of 
epoxy asphalt after curing.  
2.3.2.2    Task 2.2: Experimental Characterization of Biobased Epoxy Asphalt in Asphalt 
Mixtures 
Asphalt binder alone may not be able to fully predict the performance of asphalt mixture, 
whose aggregate component also plays an important role. The petroleum based epoxy asphalt 
has been exclusively used in dense-graded asphalt mixtures and its properties are mainly 
evaluated with the Marshall stability and flow test. For performance comparison with the 
petroleum based epoxy asphalt used in previous projects, this study will also measure the 
Marshall stability and flow value of dense-graded asphalt mixtures containing the biobased 
epoxy asphalt. The test will be performed on uncured and cured BEAB mixture specimens, at 
60C temperature. The specimens will be prepared using a Marshall compactor with 50 blows 
on each side of the specimens. 
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CHAPTER 3:  EXPERIMENTS TO DETERMINE OPTIMUM FORMULA OF BEAB 
 
3.1  Material Selection 
The first step of the study was to select appropriate biobased epoxy materials. Based on 
a literature review of recent studies of biobased epoxy in the chemistry industry, the epoxidized 
soybean oil (ESO) was selected due to its popularity in chemistry research and its availability on 
the market. Sample ESO material was obtained from the Chemical Company for use in this 
study. The next step was to identify an appropriate curing agent for ESO, which can enhance 
the blending between ESO and asphalt. 
3.1.1  OMICURE 33DDS 
In the literature, Wan et al. mixed 3,30-diaminodiphenyl sulfone (33DDS) as the curing 
agent with a sustainable material (i,e., a novel eugenol-based difunctional epoxy resin [TPEU-
EP]), and also with a standard bisphenol A epoxy resin (DGEBA) for comparison. The study 
found that TPEU-EP/33DDS has “a higher reaction activation energy and a slower curing rate 
than DGEBA/33DDS.”In addition, the results revealed TPEU-EP/33DDS has “a 27%, 20%, and 
17% higher storage modulus (30°C), Young's modulus and hardness than DGEBA/33DDS, 
respectively. TPEU-EP/33DDS displays a high glass temperature (168.4°C) and thermal 
stability (up to 300°C), and shows a much higher damping than DGEBA/33DDS in the glassy 
state” (Wan et al. 2015).  
In the first trial, sample OMICURE 33DDS material in the form of white powder (Lot#: 
20150203) was obtained from the Emerald Performance Materials Company. Four tentative 
percentages of OMICURE 33DDS (i.e., 10%, 20%, 30%, 40% by weight of ESO) were chosen 
to mix with ESO and the resulting mixtures were put in an oven for 4 hours at 2 different 
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temperature (i.e., 2 hours at 130°C + 2 hours at 200°C) as recommended from the manufacturer 
to completely cure. The result revealed as shown in Figure 4, only 10% content of the white 
color completely disappeared and for 20% there were some white spots. However, for 30% and 
40%, the white color of OMICURE 33DDS appeared. From the observation, the viscosity of 
these percentages with ESO was low, which means the curing did not sufficiently happen. 
Therefore, OMICURE 33DDS was suspended to form BEAB.  
10% 20% 30% 40% 
 
   
 
Figure 4. Different percentages of 33DDS by weight of ESO. 
 
3.1.2  Maleic Anhydride 
In the literature, Espana et al. (2012) used a maleic anhydride (MA) as an organic 
hardener or curing agent for ESO and tried with different molar ratios to get the maximum 
crosslink density. Their results revealed that at the best molar ratio of 1: 0.412 (ESO:MA) at a 
curing temperature of 60C the cured resin achieved the best mechanical properties (432 MPa 
flexural modulus and 19 mm maximum deflection). The reaction mechanism between MA and 
ESO to form biobased epoxy resins is exhibited in Figure 5. In this figure, the hydroxyl groups of 
ESO react as initiator with MA to form a monoester with a carboxyl group (Figure 5[A]). Then 
this monoester reacts with ESO to form a diester in addition to a new secondary hydroxyl group 
(Figure 5[B]), which leads the other molecules of MA and ESO, a process that enhances 
crosslinking (Figure 5[C]). Finally, Figure 5(D) shows the resulting compound of the reaction 
between MA and ESO (Espana et al. 2012). 
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Figure 5. Reaction mechanism of MA and ESO (Espana et al. 2012). 
 
In 2010, Rahman et al. (2012) studied asphalt modified with epoxidized natural rubber 
(ENR) using also MA as a curing agent. Asphalt of penetration grade 60/70 was used in their 
study with different mixing percentages. After curing for 20 hours at 150-170C, the mixture of 
15% (60%ENR + 40% MA) and 85% asphalt 60/70 reached the highest Marshall stability of 
16.6 kN with “air voids of 2.5%, flow of 2.9 mm and mineral voids of 14.6%”, which is higher 
than the mixture using asphalt only, whose stability is 11.5 kN (Abd El Rahman et al. 2012). In 
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2016, Musa mentioned that MA derivatives are used as emulsifiers for skin care formulations. 
Skin care formulations like creams, lotions and body milks contain water and oil. Since water is 
polar and oil is nonpolar, they tend to stay separated when mixed. Their molecules will not be 
attracted to each other unless an emulsifier such as MA is used to get a mixture (Musa 2016).   
Based on the literature, MA was selected as the curing agent for ESO in this study for 
the second trial. Sample MA material in the form of white powder (Catalog No: M625) was 
obtained from the SIGMA-ALDRICH Company. Neat asphalt of performance grade PG 67-22 
was obtained from a local asphalt supplier for highway pavements. The three types of sample 
materials (ESO, MA, and asphalt) were then used to synthesize the biobased epoxy asphalt 
binder (BEAB).  
3.2 Determination of Optimum Proportions of ESO and MA 
The optimum proportions of ESO and MA were first determined. Based on the best 
molar ratio of ESO and MA determined in the study of Espana et al. (2012), three tentative 
percentages of MA (i.e., 40%, 45% and 50% by weight of ESO) were chosen to mix with ESO. 
At each MA percentage, MA was sufficiently mixed with ESO by hand and the resulting mixture 
was put in a forced draft oven for any combination of three temperatures (i.e., 120C, 140C and 
160C) and four durations (i.e., 1, 2, 3, and 4 hours). After conditioning, the samples were taken 
out of the oven, cooled to a room temperature of 25C, and visually observed for their 
conditions. 
It was observed that at the conditioning temperature of 120C, MA did not mingle 
completely with ESO after one hour and MA still had white color in it. After two or three hours, 
however, the mingling of MA slightly improved while the white color of MA disappeared. After 
four hours, the oil in the mixture became even heavier due to its interaction with MA. At the 
conditioning temperature of 140C, it was observed that MA mingled perfectly with ESO after a 
2-hour period, while after a 3- or 4-hour period, the mixture was characterized with the 
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appearance of heavy oil in them while some of the mixture became rubbery. At the conditioning 
temperature of 160C, MA mingled completely after one hour. The mixture became partially 
rubbery and heavy oil appeared after a 2-hour conditioning period. After four hours, the mixture 
became almost all rubbery. In summary, the MA and ESO mixture did not cure completely after 
4-hour conditioning at 120C, but cured well after 2-hour conditioning at 140C or 1-hour 
conditioning at 160C. Pictures of mixture samples with different MA percentages after 4-hour 
conditioning at the three temperatures are shown in Table 1. Based on these observations, the 
45 percentage of MA (by weight of ESO) was determined to be optimum to mix with ESO.  
 
Table 1. Mixtures of MA and ESO after 4-hour curing period in the oven. 
Curing for 4 hours in the oven 
MA Percentage 
Temperature 
40% 45% 50% 
(120C) 
Mixtures did not cure. 
   
(140C) 
Mixtures cured. 
   
(160C) 
Mixtures cured 
  
 
Note: all mixtures became semisolid after cooling to a room temperature of 25C, and the level 
of solidity was in direct proportion to the curing temperature. 
21 
 
3.3 Determination of Optimum Proportion of Asphalt 
The MA and ESO mixture of the optimum proportions (i.e., 0.45:1) was then mixed with 
the PG 67-22 asphalt at different asphalt proportions (i.e., 5, 6, 7, 8, and 10) to determine the 
optimum BEAB formula. 
To synthesize the BEAB, the following mixing procedure was adopted:  
(1) mixing MA with ESO,  
(2) heating asphalt in an oven at 135C for one hour,  
(3) adding heated asphalt to the mixture of MA and ESO, and  
(4) mixing them for three minutes. 
The physical properties of the prepared BEAB samples with various asphalt proportions 
were tested and used to determine the optimum formulas. Specifically, viscosity and 
penetration, which are commonly used property indices for asphalt binders, were measured in 
this study. 
3.3.1 Viscosity Test 
Hot mix asphalt pavements are placed at high temperatures typically in the range of 120-
180C. The viscosity of conventional asphalt is kept low at these temperatures so that the 
asphalt mixture is workable during the mixing, transportation, placing, and compaction phases 
of construction. The unique thermosetting feature of epoxy asphalt, however, allows a short 
construction window because the binder viscosity increases rapidly at high temperatures. In the 
literature, it is required that the viscosity of epoxy asphalt should be equal to or less than 1000 
mPa·s (cP) 50 minutes after mixing for allowable construction time (Li et al. 2014; Xie et al. 
2017). This criterion is adopted in this study to help determine the appropriate asphalt ratio of 
BEAB. 
The viscosity of BEAB was measured using a Brookfield rotational viscometer (Figure 
6[A]) according to ASTM Standard D 4402 (ASTM 2002), at various combinations of four 
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asphalt proportions (5, 6, 7, and 8 with respect to ESO) and four testing (curing) temperatures 
(120, 130, 135, and 140C). During the test, the spindle of the viscometer (Figure 6[b]) rotated 
continuously either for a period of 60 minutes or until the test sample became too viscous to run 
the test. Two replicates were tested for each factor level combination, and the ratio of MA and 
ESO was kept at 0.45:1 in all test samples. The test results are summarized in Table 2 and 
presented in Figure 7 through Figure 10. In the figures, the BEAB formula is represented by the 
proportions of MA, ESO, and asphalt (i.e., MA:ESO:Asphalt).  
 
                           Figure 6. Brookfield rotational viscometer (A), and spindle (B). 
 
As shown in Table 2 and Figure 7, at the curing temperature of 120C, all three BEAB 
formulas (asphalt proportion being 5, 6, or 7) showed a viscosity less than 1000 mPa·s after 50-
minute curing. At the 130C curing temperature (Figure 8), the BEAB formula with asphalt 
proportion of 6 or 7 had a viscosity less than 1000 mPa·s after 50 minutes. At the 140C curing 
temperature (Figure 9), the BEAB formula with asphalt proportion of 8 had a viscosity less than 
1000 mPa·s after 50 minutes.  
(A) 
(B) 
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The above results showed that the viscosity of BEAB increased more rapidly when its 
curing temperature was increased, and in general increasing the proportion of asphalt in the 
BEAB formula can reduce the viscosity increase rate of BEAB at high temperatures.  
For the neat asphalt PG 67-22, its desirable mixing and compaction temperatures are 
around 135C, as recommended by the National Cooperative Highway Research Program 
(NCHRP) (West et al. 2010). At this temperature, the BEAB formula with asphalt proportion of 7 
had a viscosity slightly over 1000 mPa·s after 50 minutes, while the BEAB formula with asphalt 
proportion of 8 had a viscosity less than 1000 mPa·s after 50 minutes (Figure 10). Figure 10 
also shows the viscosity of neat asphalt PG 67-22 during the test period, which is approximately 
constant indicating aging effect can be neglected. 
 
Table 2. Test results of BEAB viscosity for different asphalt proportions. 
 Temperatures (°C) 
 120 130 140 135 
 Proportions Neat 
Time 5 6 7 5 6 7 5 6 7 8 7 8 
Aspha
lt 
(minute
s) 
Viscosity (mPa.s = cP) 
10 170 
233.
3 
270.
8 
136.
8 
168 
212.
5 
127 156.9 
178.
6 
165 
178.
3 
190 610.7 
15 
181.
7 
254.
2 
285.
4 
177.
6 
191.
7 
252.
1 
196 215.3 
228.
6 
193.
3 
225 
223.
3 
542.9 
20 225 300 
335.
4 
234.
2 
253.
3 
310.
4 
282 300 
296.
4 
240 
291.
7 
273.
3 
525 
25 275 
360.
4 
397.
9 
310.
5 
326.
7 
381.
2 
399 408.3 
380.
4 
298.
3 
371.
7 
333.
3 
517.9 
30 335 
429.
2 
470.
8 
407.
8 
413.
3 
362.
5 
585 541.7 
482.
1 
363.
3 
466.
7 
401.
7 
514.3 
35 405 
502.
1 
543.
8 
538.
2 
515 
556.
3 
925 731.9 
605.
4 
436.
7 
571.
7 
476.
7 
514.3 
40 485 
585.
4 
625 
702.
6 
638.
3 
664.
6 
1930 1000 
751.
8 
520 700 
558.
3 
514.3 
45 575 
677.
1 
716.
7 
960 785 
789.
6 
7125 1680 935 610 840 650 514.3 
50 685 
787.
5 
814.
6 
1300 970 
927.
1 
10500 2500 1166 710 1015 
751.
7 
514.3 
55 805 
906.
2 
918.
7 
2300 1212 1094 23400 5300 1480 820 1225 
861.
7 
514.3 
60 
963.
3 
1037 1033 3600 1523 1279 
24500
0 
1200
0 
1945 935 1475 
978.
3 
514.3 
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Figure 7. Viscosity of three BEAB formulas at 120°C. 
 
 
Figure 8. Viscosity of three BEAB formulas at 130°C. 
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Figure 9. Viscosity of four BEAB formulas at 140°C. 
 
 
Figure 10. Viscosity of two BEAB formulas and neat asphalt at 135°C. 
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3.3.2  Penetration Test 
The penetration test is an empirical test whose results are used to classify asphalt in the 
penetration grading system using penetration test equipment (Figure 11). Although the 
penetration grading system has been replaced by the performance grading system in the U.S., it 
is still used in many other countries. In this study, the penetration test is used to investigate the 
curing process of BEAB samples in an undisturbed status, which is different from the continuous 
agitation status in the rotational viscosity test.   
The test was run according to ASTM Standard D 5 (ASTM 2005) on neat asphalt, and 
BEAB with asphalt proportions of 8 and 10. These asphalt proportions were selected because 
the BEAB viscosity would be lower than 1000 mPa·s after 50 minutes at 135C or 140C. Such 
high temperatures are preferred over lower ones during asphalt pavement construction because 
aggregates can be more thoroughly dried during the asphalt plant mixing process. 
Both the neat asphalt and BEAB samples were conditioned at 135C in an oven before the 
penetration test. The conditioning period varied from one hour to four hours (specifically 
including 1, 1.5, 2, 2.5, 3, and 4 hours). After conditioning, the samples were cooled over night 
at a room temperature of approximately 25C. The penetration test was then run at three 
random points on each sample and the average was used for analysis. The test results are 
summarized in Table 3 and plotted in Figure 12. 
It can be seen from Figure 12 that the penetration of neat asphalt changed little after 
being conditioned at 135C for three hours and reduced slightly after four hours, which suggests 
that the aging effect on penetration is small. For the BEAB samples, however, their penetration 
is inversely proportional to the length of curing time, which is mainly the result of continuous 
curing reaction between ESO and MA.  
It can also be seen that in the first 1.5 hours the penetration of BEAB with asphalt 
proportion of 8 or 10 was higher than that of neat asphalt, indicating that the viscosity of the 
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BEAB samples was lower than that of the neat asphalt. After 2-hour curing, however, the BEAB 
penetration began to become lower than that of neat asphalt. After 3-hour curing, the BEAB 
penetration dropped to around 30 dmm, suggesting that the workability of BEAB mixtures during 
construction would become poor. Compared to the BEAB formula with asphalt proportion of 8, 
the BEAB with asphalt proportion of 10 showed a lower curing rate with time, indicating that the 
modification effect of epoxy on asphalt became less significant when the asphalt proportion 
increased. 
For the BEAB with asphalt proportion of 8, its viscosity overpassed that of neat asphalt 
after 37 minutes of continuous agitating at 135C (Figure 10), while its penetration dropped 
below that of neat asphalt after 2.5 hours of static conditioning at 135C (Figure 12). This clearly 
demonstrates the positive effect of continuous agitation on the curing rate of BEAB.  
 
 
Figure 11. Penetration test equipment. 
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          Table 3. Penetration results of BEAB and neat asphalt after different curing periods. 
Curing Period 
(hours) Neat Asphalt 
MA:ESO:Asphalt 
0.45:1:8 
MA:ESO:Asphalt 
0.45:1:10 
 Average Penetration (0.1 mm) 
1 42 71 65 
1.5 44 58  
2 43 52 42 
2.5 42 40  
3 42 28 34 
4 37 17 23 
 
 
Figure 12. Penetration results of neat asphalt and two BEAB formulas. 
 
During the viscosity and penetration tests, a range of asphalt proportions, ranging from 5 
to 10, were explored. The viscosity results showed that the allowable curing time of BEAB for 
desired workability of asphalt mixture during construction decreases with the increase of curing 
temperature or the reduction of asphalt proportion in the BEAB formula. At a 135C mixing 
(curing) temperature, the maximum asphalt proportion in the BEAB formula is 8 to ensure a 50-
minute construction window. The penetration test results showed that further reduction of the 
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BEAB formula of 0.45:1:8 (MA:ESO:Asphalt) was selected as the optimum formula for further 
testing and evaluation. 
3.4  Pavement Related Properties of BEAB Using DSR Test 
In the performance-based grading system currently used in the U.S. for asphalt binders, 
the dynamic shear rheometer (DSR) (Figure 13) test is one of the key test methods, whose 
results are used to evaluate the performance of asphalt binders with respect to rutting and 
fatigue cracking resistance of asphalt pavements. In the DSR test, the rheological properties of 
asphalt binders are measured through the application of a sinusoidal shear strain on a disk-
shaped binder sample sandwiched between two parallel plates. An oscillation rate of 10 rad/sec 
(1.59 Hz) is typically used to represent the shearing action caused by traffic traveling at 90 km/h 
according to AASHTO T 315 (AASHTO 2013). Sample temperature is maintained at a target 
value using a water bath. Parameters measured in this test include a complex shear modulus 
(G*) and a phase angle (δ). 
 
 
Figure 13. Dynamic Shear Rheometer. 
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In this study, both the neat asphalt and the BEAB with the formula of 0.45:1:8 
(MA:ESO:Asphalt) were evaluated with the DSR test for resistance to rutting and fatigue 
cracking. For rutting evaluation, the BEAB samples were cured statically in an oven at 135C for 
two different durations before the DSR test: 50 minutes and 2.5 hours, and the corresponding 
samples were named “uncured” and “cured”, respectively. For fatigue cracking evaluation, a 
rolling thin-film oven (RTFO) test per AASHTO T 240 procedure was first used to simulate short-
term aging (simulation of mixing and compaction period) by heating a moving film of the neat 
asphalt or the “uncured” BEAB at 163C for 85 minutes. Then, RTFO aged samples were 
exposed to high air pressure (2070 kPa) and high temperature (100C) in a pressure aging 
vessel (PAV) for 20 hours to simulate long-term (about 5-10 years) aging of the binders in the 
field (Behera et al. 2013; AASHTO 2013). After aging, the corresponding samples were named 
“aged neat asphalt” and “aged BEAB”, respectively. 
Strain control mode was selected in the test on neat asphalt, “cured” BEAB, and 
“uncured” BEAB with a strain amplitude of 12%. For aged neat asphalt and aged BEAB, a strain 
amplitude of 1% was applied. For rutting resistance evaluation, the sample size is 25 mm in 
diameter and 1 mm in thickness and the test temperature was set at 67C. For fatigue cracking 
resistance evaluation, the sample size is 8 mm in diameter and 2 mm in thickness and the test 
temperature was set at 26.5C (AASHTO 2013).  
The test results averaged from two replicates are summarized in Table 4. Based on 
AASHTO specifications (AASHTO 2013) for unaged binder, to ensure sufficient rutting 
resistance of asphalt mixtures, the ratio of G* and sin(δ) should be equal to or higher than 1 
kPa. As shown in Table 4, the “uncured” BEAB samples had a G*/sin(δ) value of 0.71 kPa, 
which is lower than that of the neat asphalt (1.36 kPa) or the criterion (1.0 kPa). This indicates 
that the 50-minute static curing at 135C is inadequate for the BEAB binder to gain sufficient 
stiffness or rutting resistance. The “cured” BEAB, however, had a G*/sin(δ) value of 5.83 kPa, 
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which is significantly higher than that of the neat asphalt or the criterion, suggesting sufficient 
rutting resistance had been developed during the 2.5-hour static curing process. This result is 
consistent with the findings from the penetration test. Table 4 shows that the “uncured” BEAB 
sample has a smaller phase angle (i.e., 82) than the neat asphalt (i.e., 87), indicating it is less 
viscous than the neat asphalt. The “cured” BEAB sample has an even smaller phase angle 
(64), indicating increased BEAB elasticity with the curing time, which contributes to its 
increased resistance to permanent deformation. 
The criterion for acceptable fatigue performance is that the product of G* and sin(δ) 
measured from PAV-aged binders should be equal to or less than 5000 kPa (AASHTO 2013). 
As shown in Table 4, the aged BEAB with asphalt proportion of 8 has a G*·sin(δ) value of 
approximately 3690 kPa, which meets the criterion. The PAV-aged BEAB also shows a higher 
complex shear modulus and a lower phase angle than the PAV-aged neat asphalt, indicating 
that the BEAB is more elastic than the neat asphalt after long-term aging. 
 
                                 Table 4. Summary of DSR test condition and results. 
Resistance to Rutting  Fatigue Cracking 
Test Condition and 
Results 
Neat 
Asphalt 
PG 67-
22 
“Uncured” 
BEAB with 
Asphalt  
Proportion of 8  
“Cured” 
BEAB with 
Asphalt 
 Proportion of 
8 
PAV-aged 
Neat 
Asphalt 
PG 67-22 
PAV-aged 
BEAB with 
Asphalt  
 Proportion of 
8 
Frequency (rad/s) 10 10 10 10 10 
Strain amplitude (%) 12 12 12 1 1 
Stress amplitude (kPa) 0.16 0.08 0.63 53.52 53.76 
Test temperature (°C) 67.0 67.0 67.0 26.5 26.5 
Number of Data Points 10 10 10 10 10 
Phase angle (Degree) 87 82 64 47.3 43.3 
Complex modulus G* 
(kPa) 
1.4 0.7 5.2 5350 5380 
 G*/sin(δ) (kPa) 1.36 0.71 5.83 -  -  
 G*·sin(δ) (kPa) - -  - 3930 3690 
Standard deviation 
(kPa) 
0.0006 0 0.02 1.41 0.78 
Median (kPa) 1.36 0.71 5.92 3930 3690 
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3.5 Scanning Electron Microscopy   
Scanning Electron Microscopy (SEM) was used to magnify an image of a sample (i.e., 
70µm, 200µm, 2000µm, and 20000µm) to analyze and compare the surface topography and 
composition between “cured” BEAB with asphalt proportion of 8, epoxy asphalt and neat 
asphalt. SEM scans the sample surface by sending a focused beam of electrons to interact with 
sample atoms and produce signals to obtain microstructural characteristics of solid materials.    
Since the samples are non-conductive materials and regular SEM is not suitable, a low vacuum 
condition (pressure approximately 0.5 Torr) with water vapor in SEM chamber was used to 
avoid charge effect. However, when the SEM worked, the electron beam destroyed the surface 
of all samples, especially BEAB, so SEM images showed only damaged surfaces. Figure 14(A) 
contains binder samples before SEM measurements, and Figure 14(B) contains the samples 
inside the SEM chamber. As observed in Figure14(B) the samples rose; that means the 
samples are sensitive to electron beam and SEM is not a convenient method for those samples 
because they are semi-solid (highly viscous liquid).   
 
 
                Figure 14. Binder samples (A), and samples inside the SEM chamber (B). 
 
(A) 
(B) 
BEAB Epoxy Asphalt 
BEAB Asphalt 
Epoxy 
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3.6 FTIR Test 
Fourier transform infrared (FTIR) test was used to identify the structural characteristics 
of MA:ESO ratio at different proportions of MA (0.4, 0.45, and 0.5 by the weight of ESO) after 
curing for 4 hours at 140°C. Also, the structural characteristics of BEAB or MA:ESO:Asphalt 
ratio (0.45:1:8) were identified after curing for 4 hours at 135°C. FTIR spectra is the result of 
different molecules absorbing the infrared light at different frequencies. The frequencies are 
determined by mass of the atoms, the strength of the bonds, and the environmental around the 
molecules and the relationship between them is determined by following equation 
(ThermoFisher Scientific n.d.): 
F =
1
2π
√
k
μ
               (3-1) 
where,  
F is the frequency of vibration;  
k is the strength of the bond; and 
μ is the mass of atom. 
According to the equation (3-1), the strength of bond is in direct proportion to 
frequencies, but the mass of atom is the opposite. As it can be seen in Figure 15, 0.45 
proportion of MA has the highest frequency or wavenumber peak comparing to 0.4 and 0.5 
proportions at approximately 1730 cm-1 and 1170 cm-1, which are C=O and C-O stretches, 
respectively. Those stretches are strong functional groups that enhance the stiffness of 
materials. Nevertheless, the 0.45 has the highest peak at C-H stretch at approximately 2925 cm-
1 wavenumber. This bond is found in many materials that is undependable to determine the 
structure of material.  
As it can be seen in Figure 16, BEAB formula with asphalt proportion of 8 (Red Line) has 
a peak at a wavenumber approximately 1730 cm-1 and 1170 cm-1, which are C=O and C-O 
stretches, respectively. Those stretches are strong bonds that strengthens the neat asphalt in 
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line with equation 1, but they are not available in neat asphalt (Blue Line). Therefore, the 
presence of ESO and MA will indeed provide the neat asphalt with strength. 
Figure 15. FTIR Spectra of MA:ESO mixture (140°C for 4 hours). 
 
 
Figure 16. FTIR Spectra of MA:ESO:Asphalt mixture (135°C for 4 hours). 
C-H bond 
(Around 2925 cm-1) 
 
 
C=O bond 
(Around 1730 cm-1) 
 
 
C-O bond 
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CHAPTER 4: PREPARING AND TESTING THREE TYPES OF SPECIMENS 
 
4.1 Aggregate and Los Angeles Abrasion Test  
Granite aggregates obtained from a local asphalt plant (Figure 17), Tampa Pavement 
Constructors, were used to prepare the mixture specimens. A Superpave dense gradation with 
a nominal maximum aggregate size (NMAS) of 12.5 mm (Figure 18) was selected based on 
Florida highway recommendations to achieve mix designs with good aggregate interlocking and 
low permeability (FDOT 2016). Approximately, 1100 g of aggregates was used for each pan to 
form a cylindrical asphalt concrete specimen as illustrated in Table 5. 
 
 Table 5. Quantity of aggregates for each pan. 
Sieve size 
Passing 
(%)  Mass (g) 
19 mm (3/4") 1 0 
12.5 mm(1/2") 0.95 55 
9.5 mm (3/8") 0.85 110 
4.75 mm(#4) 0.65 220 
2.36 mm (#8) 0.43 242 
1.18 mm(#16) 0.25 198 
0.6 mm (#30) 0.17 88 
0.3 mm (#50) 0.1 77 
0.15 mm (#100) 0.06 44 
0.075 mm(#200) 0.03 33 
Pan (-#200) 0 33 
   Total  1100 Figure 17. Granite aggregates. 
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Figure 18. Aggregate gradation used to prepare mixture specimens. 
 
Los Angeles Abrasion Test was run to test the aggregates for resistance to degradation. 
The procedure has been done according to AASHTO Designation: T96-02 for Grading B. The 
abrasion loss should be between 10% and 45% to be proper for the asphalt concrete (AASHTO 
2002).  
In summary, the procedure to run the test is: 
(1) wash and dry the aggregates in the oven at 110°C, 
(2) sieve and separate aggregates by size: approximately 2500 g of aggregate between 
12.5 mm and 19 mm, and 2500 g of aggregate between 9.5 mm and 12.5 mm, 
(3) place the sieved aggregates (i.e., approximately 5000 g) and 11 abrasive charges in 
a Los Angeles abrasion machine (Figure 19[A; B]), 
(4) rotate the machine 500 revolutions for abrasion and impaction of the aggregates,  
(5) remove the crushed material,  
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(6) sieve material in 1.7 mm sieve (Figure 20), and 
(7) use the following equation to find the abrasion test: 
Abrasion Loss = [
The mass of aggregate passing 1.7 mm sieve
The mass of total material 
] 100% 
After running the test, the abrasion loss of aggregate was 28%, which means the 
aggregates have enough resistance against abrasion. 
 
 
 
.  
   Figure 19. Abrasive charges (A), and Los Angeles abrasion machine (B). 
 
 
 
 
 
 
 
                                                         Figure 20. 1.7 mm sieve. 
(A) 
(B) 
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4.2 Performance of Asphalt Mixture with BEAB  
While the binder tests showed improved performance of the BEAB compared to the neat 
asphalt, its effectiveness also needed to be evaluated in the context of asphalt mixture 
performance. In this section, the optimum BEAB formula determined earlier was mixed with 
aggregates to prepare asphalt mixture specimens which were tested for their pavement-related 
performance. Specifically Marshall stability and flow value were measured on the specimens 
following AASHTO T 245 (AASHTO 2014). These two parameters have been commonly used 
for evaluating epoxy asphalt mixtures (Gaul et al. 1993; Lu et al. 2015). 
The same binder content of 5.5% (by mass of aggregate) was used for the mixture 
containing the epoxy asphalt, the neat asphalt PG 67-22, and the the BEAB with asphalt 
proportion of 8 for comparison between them. 
4.2.1 Preparing and Testing the Neat Asphalt Specimens  
The Neat asphalt of performance grade PG 67-22 was used to form neat asphalt 
concrete and run the Marshall stability and flow test for comparing with BEAB concrete. The 
procedure to form the neat asphalt specimens was done according to AASHTO T 245 
(AASHTO 2014).   
In summary, the steps to prepare and test the neat asphalt specimens are as follows: 
(1) The neat asphalt and aggregates were heated to 135C in an oven. 
(2) The neat asphalt was mixed with heated aggregates for 5 minutes to form a mixture. 
(3) The mixture was put in the oven for 45 minutes and stirred every 15 minutes. 
(4) The mixture was compacted in a Marshall compactor (Figure 22) with 50 blows on 
each side (per Asphalt Institute recommendation for medium traffic [Asphalt Institute 
1997]), and then extracted from the mold (Figure 21). 
(5) The specimens were cooled to a room temperature of 25C overnight, and then 
heated to 60C for Marshall stability and flow test using MTS machine (Figure 23).    
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4.2.2 Preparing and Testing the Epoxy Asphalt Specimens  
Type IX epoxy asphalt sample obtained from ChemCo Systems was used to form epoxy 
asphalt concrete and run the Marshall stability and flow test for comparing with BEAB concrete.  
The procedure to form the epoxy asphalt specimens was done according to manufacturer 
guidance. The epoxy asphalt consists of two parts: 19.4% part A (epoxy resin), and 80.6% part 
BV (asphaltic portion).  
In summary, the steps to prepare and test the epoxy asphalt specimens are as follows: 
(1) The part BV and aggregates were heated to 135C and 138C in an oven, 
respectively. 
(2) The heated part BV was stirred with the unheated part A for 3 minutes,  
(3) The epoxy was mixed with heated aggregates for 2 minutes to form a mixture. 
(4) The mixture was put in the oven at 121C for 50 minutes and stirred again. 
(5) The mixture was compacted in a Marshall compactor with 50 blows on each side 
(per Asphalt Institute recommendation for medium traffic [Asphalt Institute 1997]). 
(6) The compacted mixture (Figure 24) was placed in the oven at 121C for 4 hours, and 
then extracted from the mold. 
(7) The specimens were cooled to a room temperature of 25C overnight, and then 
heated to 60C for Marshall stability and flow test.    
4.2.3  Preparing and Testing the Biobased Epoxy Asphalt Specimens  
Since the biobased epoxy asphalt binder is thermosetting, specimens containing the 
BEAB would gain strength and stiffness over time due to binder curing. Their Marshall stability 
and flow value were then measured in three different conditions: one is the same as regular 
asphalt mixture specimens (i.e., without a curing period); the other two are after curing in an 
oven at 60C for 3 days and 6 days, respectively.    
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In summary, the steps to prepare and test the biobased epoxy asphalt specimens are as 
follows: 
(1) The neat asphalt and aggregates were heated to 135C in an oven. 
(2) The ESO and MA were first mixed, and then added to the heated neat asphalt to 
form BEAB. 
(3) The BEAB was stirred for 3 minutes and then put in the oven for x hours. 
(4) The BEAB was mixed with heated aggregates for 5 minutes to form a mixture. 
(5) The mixture was put in the oven for y hours and stirred every 15 minutes. 
(6) The mixture was compacted in a Marshall compactor with 50 blows on each side 
(per Asphalt Institute recommendation for medium traffic [Asphalt Institute 1997]), 
extracted from the mold and directly put in the oven at 60C for 3 or 6 days. 
(7) The specimens were cooled to a room temperature of 25C overnight, and then 
heated to 60C for Marshall stability and flow test using MTS machine.    
For the case of zero curing day, the x value in Step 3 and the y value in Step 5 equal 1.5 
hours and 1 hour (a total of 2.5 hours), respectively, for specimens containing the BEAB. These 
time periods were chosen to allow the BEAB to reach the same consistency level as the neat 
asphalt, as indicated in the penetration test results (Figure 12). For the cases of 3- and 6-day 
curing of specimens, the x value in Step 3 and the y value in Step 5 both equal 1 hour for all 
specimens containing the BEAB. 
 
 
     Figure 21. Mold. 
41 
 
 
   
                                          
 
4.3 Air-void Content Calculation  
For each compacted mixture specimen (Figure 24), its air-void content (Va) was 
determined from its bulk specific gravity (Gmb), measured according to AASHTO T 166 
(AASHTO 2016), and its theoretical maximum specific gravity (Gmm), measured per AASHTO T 
209 procedure (AASHTO 2012).  
Va = [1 −
Gmb
Gmm
] 100%              (4-1) 
The Gmb and Absorption were measured before the Marshall stability test was performed by the 
following formula: 
Figure 22. Marshall compactor.                    
Figure 23.  MTS machine.                    
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Gmb =
A
B−C
               (4-2) 
Absorption = [
B−A
B−C
] 100%             (4-3) 
where, 
 A is the dry mass of a compacted specimen; 
 B is the saturated surface dry mass of a compacted specimen; and  
 C is the mass of a compacted specimen in water.  
 
 
  Figure 24. Compacted mixture specimen. 
 
While the Gmm was measured after the Marshall stability test using the materials from the broken 
specimens by following formula: 
Gmm =
F−D
(F−D)−(G−E)
                                                                                                                    (4-4) 
where, 
 D is the mass of bowl (Figure 25); 
E is the mass of bowl in water; 
 F is the mass of bowl and loose mixture (Figure 26); and 
G is the mass of bowl and loose mixture in the water. 
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                                  Figure 25. Bowl.                                    Figure 26. Loose mixture. 
 
4.4 Marshall Stability and Flow Value Results and Discussion 
For each test condition, two or three replicates were tested and their average results 
were used for analysis. The test results are summarized in Table 5. It can be seen that for the 
BEAB mixture specimens with zero curing days, their Marshall stability and flow value are not 
significantly different from those of specimens containing the neat asphalt. After 3-day curing at 
60C, however, the specimens containing the BEAB showed a significantly reduced flow value. 
The Marshall stability increased by 23% during the 3-day curing period for the specimens 
containing the BEAB. After 6-day curing at 60C, the specimens containing the BEAB also 
showed a reduced flow value and an increased Marshall stability value. The additional 3-day 
curing, however, does not seem to further improve the Marshall stability. Instead, it was reduced 
slightly. The increase in Marshall stability and the reduction in flow value indicate that the 
mixture containing the biobased epoxy asphalt is more elastic and more resistant to stresses 
than the mixture containing the neat asphalt. 
Comparatively, epoxy asphalt concrete specimens have a Marshall stability of 60.9 kN, 
which is much higher (or more resistant to stresses) than the Marshall stability of BEAB 
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concrete specimens at any number of curing days as illustrated in table 5. Therefore, BEAB 
mixture specimens’ flow value is insignificant.  
 
Table 6. Summary of Marshall stability and flow test results. 
Number of 
Curing Days 
After Compaction 
Type of 
Mixture 
(MA:ESO:Asphalt) 
Average 
Absorption 
(%) 
Marshall Stability 
(kN) 
Flow 
Value 
(0.25 mm) 
Air-void Content 
(%) 
0 
Neat Asphalt 2.5 10.0 32 11.0 
Epoxy Asphalt 1.3 60.9 25 8.7 
0.45:1:8 3.8 9.7 28 11.6 
3 (at 60°C) 0.45:1:8 2.7 11.9 20 10.5 
6 (at 60°C) 0.45:1:8 3.2 10.9 21 10.7 
Note: Table 2-stability correlation ratio from AASHTO HM-34 PT II was used to correct the 
Marshall Stability results (AASHTO 2014).  
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CHAPTER 5: CONCLUSIONS AND FUTURE RESEARCH 
 
5.1  Conclusions  
This study explored the potential of modifying asphalt with biobased epoxy, which is an 
emerging, more sustainable and more economic substitute for petroleum-based epoxy. Based 
on research literature in the chemistry industry, an epoxidized soybean oil (ESO) and a maleic 
anhydride (MA) were selected to modify a neat asphalt binder PG 67-22 for pavement use. 
Proper proportions of the three components were determined based on the binder curing 
features measured by a rotational viscosity test and a penetration test. Pavement performance 
related properties were evaluated with a dynamic shear rheometer (DSR) test of binder samples 
and a Marshall stability test of binder/aggregate samples.  
It was found that once the three components of the biobased epoxy asphalt binder 
(BEAB) are mixed, the binder cures over time, and its curing rate increases with temperature 
and level of agitation. Under continuous agitation, the BEAB cures much faster than under a 
static condition. Using a minimum curing time of 50 minutes before viscosity reaches 1 Pa·s as 
the criterion to allow for sufficient construction time of asphalt pavements, the optimum 
proportions of MA, ESO, and asphalt were determined to be 0.45, 1, and 8, respectively. 
Asphalt mixtures containing such a biobased epoxy asphalt binder (BEAB) have higher Marshall 
stability, lower flow value, and higher rutting and fatigue cracking resistance than the mixture 
containing the neat asphalt (PG 67-22). 
5.2  Further Research 
Nevertheless, the increase in the Marshall stability of asphalt mixtures due to biobased 
epoxy modification in this study is significantly lower than the Marshall stability due to 
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commercially available, petroleum-based epoxy asphalt (Gaul et al., 1993; Lu et al., 2015). 
Further research is needed to investigate other additives that may promote the curing reaction 
between ESO and curing agents, and between other combinations of biobased epoxy and 
curing agents for the BEAB formula.  
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APPENDIX A: MARSHALL STABILITY, AND FLOW TEST RESULTS 
 
Table A.1 Gmb, Absorption, Va, Marshall stability, and flow test results. 
Type of Binder 
Dry 
mass 
Mass in 
water 
SSD 
mass 
 Bulk 
Specific 
Gravity Absorption 
Average 
Absorption 
  A C B Gmb (%) (%) 
Neat Asphalt   1125.60 617.70 1138.60 2.16 2.50   
  1148.90 636.70 1164.80 2.18 3.01   
  1102.30 611.30 1112.30 2.20 2.00 2.50 
0.45:1:10 1131.70 626.50 1145.90 2.18 2.73   
  1134.40 630.60 1144.90 2.21 2.04   
  1136.10 634.40 1153.70 2.19 3.39 2.72 
0.45:1:8 1139.30 635.20 1162.60 2.16 4.42   
  1134.20 629.90 1152.00 2.17 3.41   
  1141.80 630.50 1161.00 2.15 3.62 3.82 
Epoxy Asphalt 1141.30 637.20 1148.20 2.23 1.35   
  1141.70 638.10 1150.90 2.23 1.79   
  1136.30 632.90 1140.30 2.24 0.79 1.31 
3 days in the 
oven  1138.00 632.10 1150.30 2.20 2.37   
at 60°C 1142.10 634.60 1158.10 2.18 3.06   
0.45:1:8           2.71 
6 days in the 
oven  1137.00 631.20 1151.70 2.18 2.82   
at 60°C 1150.90 643.00 1170.10 2.18 3.64   
0.45:1:8           3.23 
3 days in the 
oven  1135.50 635.00 1144.90 2.23 1.84   
at 90°C 1123.30 628.40 1136.70 2.21 2.64   
0.45:1:8           2.24 
3 days in the 
oven 1139.90 637.70 1151.80 2.22 2.31   
at 60°C 1135.60 633.00 1148.30 2.20 2.46   
0.45:1:10           2.39 
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Table A.1 (Continued) 
  
Marshall 
Stability 
Average 
Plastic Flow  
Average Type of Binder   Displacement 
  (Kips) (Kips) (kN) (in) (in) (mm) 
Neat Asphalt   2.52     0.39     
  2.08     0.31     
  2.57 2.39 10.64 0.24 0.31 7.92 
0.45:1:10 2.26     0.31     
  2.78     0.22     
  2.37 2.47 11.00 0.37 0.30 7.62 
0.45:1:8 2.53     0.28     
  2.57     0.31     
  2.26 2.45 10.91 0.25 0.28 7.07 
Epoxy Asphalt 14.89     0.20     
  12.94     0.26     
  14.98 14.27 63.47 0.28 0.25 6.26 
3 days in the oven  3.13     0.20     
at 60°C 2.64     0.19     
0.45:1:8   2.88 12.83   0.19 4.89 
6 days in the oven  2.80     0.22     
at 60°C 2.58     0.20     
0.45:1:8   2.69 11.95   0.21 5.33 
3 days in the oven  2.82     0.20     
at 90°C 2.55     0.21     
0.45:1:8   2.68 11.94   0.20 5.14 
3 days in the oven 2.12     0.17     
at 60°C 1.96     0.17     
0.45:1:10   2.04 9.08   0.17 4.29 
 
 
 
 
 
 
 
 
 
55 
 
Table A.1 (Continued) 
  
Height 
(in) 
Average  Type of Binder 
  (in) (mm) 
Neat Asphalt   2.65 2.65 2.64 2.64 2.65 67.19 
  2.68 2.68 2.68 2.68 2.68 68.08 
  2.54 2.53 2.54 2.54 2.54 64.40 
0.45:1:10 2.63 2.63 2.63 2.63 2.63 66.80 
  2.60 2.59 2.60 2.60 2.60 65.92 
  2.64 2.65 2.64 2.65 2.64 67.15 
0.45:1:8 2.70 2.71 2.71 2.70 2.70 68.66 
  2.66 2.65 2.66 2.66 2.66 67.51 
  2.71 2.71 2.71 2.70 2.71 68.81 
Epoxy Asphalt 2.56 2.56 2.57 2.56 2.57 65.18 
  2.58 2.58 2.58 2.58 2.58 65.49 
  2.55 2.55 2.55 2.55 2.55 64.76 
3 days in the oven  2.61 2.61 2.61 2.62 2.61 66.31 
at 60°C 2.65 2.64 2.65 2.65 2.65 67.28 
0.45:1:8             
6 days in the oven  2.63 2.62 2.62 2.63 2.62 66.65 
at 60°C 2.68 2.68 2.68 2.68 2.68 68.10 
0.45:1:8             
3 days in the oven  2.58 2.58 2.57 2.58 2.58 65.41 
at 90°C 2.59 2.58 2.58 2.57 2.58 65.53 
0.45:1:8             
3 days in the oven 2.59 2.59 2.59 2.58 2.59 65.71 
at 60°C 2.60 2.61 2.61 2.60 2.61 66.17 
0.45:1:10             
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Table A.1 (Continued) 
      Stability      Percent   
Type of Binder Volume Correlation correction   Average  Air Voids Average  
  (cm3) Ratio (Kips) (kN) (kN) Va Va 
Neat Asphalt   544.45 0.93 2.35 10.43   11.75   
  551.70 0.89 1.85 8.24   11.15   
  521.81 1.00 2.57 11.44 10.04 10.14 11.01 
0.45:1:10 541.31 0.93 2.10 9.36   11.08   
  534.16 0.96 2.67 11.89   9.99   
  544.14 0.93 2.21 9.82 10.36 10.72 10.60 
0.45:1:8 556.34 0.89 2.25 10.02   11.68   
  547.07 0.89 2.29 10.19   11.18   
  557.57 0.89 2.01 8.93 9.71 12.00 11.62 
 528.14 0.96 14.29 63.57   8.68   
Epoxy Asphalt  530.66 0.96 12.42 55.24   8.97   
  524.74 0.96 14.38 63.97 60.93 8.44 8.70 
3 days in the oven  537.35 0.93 2.91 12.95   10.21   
at 60°C 545.22 0.93 2.45 10.91   10.80   
0.45:1:8         11.93   10.50 
6 days in the oven  540.08 0.93 2.60 11.57   10.69   
at 60°C 551.86 0.89 2.29 10.20   10.73   
0.45:1:8         10.88   10.71 
3 days in the oven  529.99 0.96 2.71 12.05   8.95   
at 90°C 530.97 0.96 2.44 10.87   9.64   
0.45:1:8         11.46   9.30 
3 days in the oven 532.46 0.93 1.97 8.77   9.52   
at 60°C 536.22 0.96 1.88 8.37   10.07   
0.45:1:10         8.57   9.79 
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Table A.2 Gmm results. 
 Mass of (g) 
Type of  bowl  bowl in water bowl+sample bowl+sample in water 
Binder D E F G 
Neat Asphalt   2170.20 1368.27 3972.00 2434.20 
0.45:1:10 2170.20 1368.27 3970.00 2433.60 
0.45:1:8 2170.20 1368.27 3970.70 2432.60 
 
 Mass of (g) Theoretical Maximum 
Type of  
Sample 
Weight(air) Sample Weight(water) Weight Difference Specific Gravity (Gmm) 
Binder H I J K 
Neat Asphalt   1801.80 1065.93 735.87 2.45 
0.45:1:10 1799.80 1065.33 734.47 2.45 
0.45:1:8 1800.50 1064.33 736.17 2.45 
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B.2 Permission for the Reuse Figure 2 in Chapter 1 
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B.3 Permission for the Reuse Figure 3 in Chapter 2 
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B.4 Permission for the Reuse Figure 5 in Chapter 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
